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Major histocompatibility complex class I (MHCI)
genes were discovered unexpectedly in healthy CNS
neurons in a screen for genes regulated by neural
activity. In mice lacking just 2 of the 50+ MHCI genes
H2-Kb and H2-Db, ocular dominance (OD) plasticity
is enhanced. Mice lacking PirB, an MHCI receptor,
have a similar phenotype. H2-Kb and H2-Db are ex-
pressed not only in visual cortex, but also in lateral
geniculate nucleus (LGN), where protein localization
correlates strongly with synaptic markers and
complement protein C1q. In KbDb/ mice, develop-
mental refinement of retinogeniculate projections is
impaired, similar to C1q/ mice. These phenotypes
in KbDb/ mice are strikingly similar to those in
b2m/TAP1/mice,which lack cell surfaceexpres-
sion of all MHCIs, implying that H2-Kb and H2-Db can
account for observed changes in synapse plasticity.
H2-KbandH2-Db ligands, signalingvianeuronalMHCI
receptors,mayenableactivity-dependent remodeling
of brain circuits duringdevelopmental critical periods.
INTRODUCTION
Brain circuits are refined by early spontaneous activity and later
on by sensory experience (Katz and Shatz, 1996; Knudsen,
2004). In the developing mammalian visual system, spontaneous
activity generated in retinal ganglion cells (RGCs) and relayed to
the lateral geniculate nucleus (LGN) drive initially intermixed
retinogeniculate connections to refine into nonoverlapping
eye-specific layers; blockade or perturbation of waves prevents
refinement (Huberman et al., 2008; Stellwagen and Shatz, 2002).
How neural activity ultimately leads to refinement is not well
understood, but it is known that synapse elimination, as well as
synapse strengthening and stabilization, are involved (Butts
et al., 2007; Chen and Regehr, 2000; Hooks and Chen, 2006;
Mooney et al., 1993).To discover genes downstream of spontaneous retinal
activity, we conducted an unbiased screen in which activity
was blocked by tetrodotoxin (TTX) during the period of eye-
specific segregation (Corriveau et al., 1998). TTX not only
prevents retinogeniculate refinement (Shatz and Stryker, 1988;
Sretavan et al., 1988), but unexpectedly also downregulated
the expression of MHC class I mRNA in neurons. MHCI (major
histocompatibility class I), a large and highly polymorphic family
of 50+ genes, some with well known roles in the immune system
and T cell function (Zinkernagel and Doherty, 1979), were not
previously thought to be expressed by neurons in the healthy
brain, let alone regulated by neural activity.
Here, by examiningmice lacking both H2-Kb and H2-Db (histo-
compatibility locus 2; Schott et al., 2003), we show that these
two genes are required for retinogeniculate refinement. In the
immune system H2-Kb and H2-Db bind and signal not only via
the T cell receptor, but also via PirB (paired immunoglobulin-
like receptor B), an innate immune receptor (Takai, 2005) also
expressed in visual cortical neurons (Syken et al., 2006). We
report that KbDb/ mice have enhanced ocular dominance
(OD) plasticity, similar to PirB mutant mice (Syken et al., 2006).
These findings imply a role for these two specific MHCI mole-
cules and cognate immune receptors in activity-dependent plas-
ticity during CNS development. Given the recent association
between human histocompatibility locus (HLA) and schizo-
phrenia (e.g., Purcell et al., 2009), our findings also reveal
a way to explore potential links between immune and nervous
systems: via the disruption of normal MHCI regulation of plas-
ticity at neuronal synapses.
RESULTS
Enhanced Ocular Dominance Plasticity in KbDb/ Mice
In the immune system, H2-Kb and H2-Db bind and signal via
a variety of receptors, including PirB (Nakamura et al., 2004; Ta-
kai, 2005). Cortical neurons not only express PirB, but also mice
lacking PirB have enhanced OD plasticity following monocular
deprivation or eye removal (Syken et al., 2006). Because cortical
neurons express both H2-Kb and H2-Db (Huh et al., 2000; see
Figure S1 available online), we examined if OD plasticity is alsoNeuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc. 463
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MHCIs in Visual System Development and PlasticityFigure 1. Enhanced OD Plasticity in Visual
Cortex of KbDb/ Mutant Mice
(A) Schematic of mouse visual system. Binocular
zone (BZ) receives input from both eyes. Arc
mRNA inductionwas used tomap cortical neurons
driven by stimulation of one eye (Tagawa et al.,
2005). Below: Arc in situ hybridization (darkfield
optics) in coronal section from a P34 WT (KbDb+/+)
mouse; 30 min visual stimulation upregulates Arc
mRNA in visual cortical neurons (layer 5 neurons
express very low levels of Arc mRNA). Box indi-
cates region of upregulation driven by ipsilateral
eye stimulation within BZ; broad induction of Arc
mRNA is present throughout V1 and V2 contralat-
eral to stimulation. Scale = 900 mm. (B) Ipsilateral
eye representation in cortex expands more in
KbDb/ thanWT (KbDb+/+) afterMEduring the crit-
ical period (P22–31). Top: in situ hybridization for
Arc mRNA in KbDb+/+ (upper) and KbDb/ (lower)
visual cortex ipsilateral to remainingeye; arrows indi-
cate borders of signal in layer 4. Below: cumulative
histograms of width of Arc induction in layer 4 ±
SEM for KbDb+/+ (upper) and KbDb/ (lower) mice
reared with normal vision (open symbols) or mice
receiving ME (filled symbols). Width of Arc induction
increasesafterME. (KbDb+/++ME:1426.3±89.7mm,
n = 18 mice versus KbDb+/+ + normal vision: 945 ±
58.3 mm, n = 28 mice; p < 0.05; KbDb/ + ME:
2404.6 ± 105.1 mm, n = 25 mice; p = 0.0017). Width
of Arc induction in KbDb/mice reared with normal
visual (open squares) is also larger than that of nor-
mally reared KbDb+/+ mice (open circles): KbDb/:
1111 ± 50.8 mm, n = 25 mice; Symbols represent
average of several scanned sections from single
animals ± SEM. Scale = 400 mm. (C) Width of Arc
induction in layer 4 for normally reared KbDb+/+ or
KbDb/ mice (open bar) versus mice receiving MD
from P25–34 (MD: gray bar, n = 7) or ME from P22–
31 (ME:blackbar, n=25). (D) Plasticity index is larger
in KbDb/ than in KbDb+/+ visual cortex by MD and
ME; (*) significance by one-way ANOVA. Error
bars = standard error of mean (SEM) in (B) and (C)
and root mean square error (RMSE) in (D).perturbed in KbDb/ mutant mice. To create a large imbalance
in visually driven inputs to neurons normally receiving binocular
inputs, one eye was deprived (MD) or enucleated (ME) at P22,
just at the onset of the critical period in visual cortex but after
eye segregation in the LGN is adult-like (Frenkel and Bear,
2004; Rossi et al., 2001; Tagawa et al., 2005).
The spatial extent of input from the eyes to visual cortex was
assessed functionally at P31 by in situ hybridization for the
immediate early gene Arc. After a 30 min monocular light expo-
sure, Arc mRNA is upregulated (induced) rapidly (Syken et al.,
2006; Tagawa et al., 2005) in visually stimulated cortical neurons
(Figure 1A). Following ME or MD, this method reports OD plas-
ticity reliably, as measured by the pronounced expansion in
width of Arc mRNA signal in visual cortex ipsilateral to the stim-
ulated (open) eye (Syken et al., 2006; Tagawa et al., 2005). This
expansion in width of Arc induction correlates with the well-
known strengthening of the open eye following monocular depri-
vation assessed in physiological studies measuring single units
(Antonini et al., 1999), visually evoked potentials (VEPs) (Frenkel464 Neuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc.and Bear, 2004; Iny et al., 2006), or optical imaging (Cang et al.,
2005; Hubener, 2003) and faithfully detects OD plasticity with the
advantage here of laminar and cellular resolution. As expected
(Tagawa et al., 2005), ME in wild-type mice (WT, KbDb+/+) led
to a 51% increase in width of Arc induction in layer four of visual
cortex ipsilateral to the remaining eye, as compared to normally
reared WT mice (Figure 1C).
By contrast, Arc induction in KbDb/ mice following ME is
even wider; indicating that OD plasticity following ME is greater
in KbDb/ than WT mice. However, in KbDb/ mice reared
with normal vision, the width of Arc induction ipsilateral to the
stimulated eye is already about 22%greater thanWT (cf. Figures
1B and 1C). This initially expanded ipsilateral representation
might account entirely for the greater OD plasticity observed in
KbDb/ mice. Thus, to compare the extent of OD plasticity
between the different genotypes, we computed a ‘‘plasticity
index’’ (=width of Arc induction following ME/width following
normal visual rearing; Figure 1D) that factors in the different start-
ing points for each genotype. The plasticity index for KbDb/
Neuron
MHCIs in Visual System Development and PlasticityFigure 2. Enhanced Thalamocortical Plasticity in KbDb/ Mice
(A) Schematic showing thalamocortical axon terminals innervating layer 4 of cortex. Below, darkfield audiograph following transneuronal transport of 3H-proline at
P34 reveals broad contralateral labeling (left) and smaller ipsilateral patch (right) in layer 4. Scale = 1500 mm. (B) Higher magnification of representative sections
from KbDb+/+ (top) versus KbDb/ (bottom). Arrows indicate measurement borders used. Scale = 450 mm. (C) Histograms of width ± SEM of layer 4 label for each
genotype after ME. (*) p < 0.01 (Mann-Whitney U test).(2.16 ± 0.11) is 65% larger than for WT (1.51 ± 0.08; Figure 1D),
indicating that even after correcting for the expanded represen-
tation of the ipsilateral eye in normally reared KbDb/ mice, OD
plasticity is significantly enhanced.
To exclude the possibility that enhanced OD plasticity after
eye removal in KbDb/mice is due to an injury response, rather
than visual deprivation, experiments were repeated using MD at
similar ages (Figure 1C). A more modest expansion in width of
Arc induction was detected than after ME (Tagawa et al.,
2005). Nevertheless following MD, the width of Arc signal in
KbDb/ mice, as well as the plasticity index, is 17% greater
than that in WT mice (plasticity index, 1.48 ± 0.103 KbDb/;
1.31 ± 0.105 KbDb+/+; p = 0.042; Figures 1C and 1D). These
differences in OD plasticity in KbDb/ versus WT mice are also
not likely due to differences in visual ability. We examined this
possibility behaviorally in normally reared mice using a visual
acuity water maze test (Prusky et al., 2000; Robinson et al.,
2001). Acuity is similar in WT and KbDb/ mice (Figure S2A–
S2F), suggesting that the expanded representation of the ipsilat-
eral eye within the BZ of visual cortex following MD or ME is not
from degraded vision in themutant mice. Indeed, followingME in
mutant mice, visual acuity is, if anything, slightly better than in
WT mice (Figure S2G–S2I), possibly reflecting a behavioral
consequence of enhanced OD plasticity. Thus, like PirB (Syken
et al., 2006), H2-Kb and/or H2-Db appear to limit the extent of
OD plasticity following MD or ME during the critical period.
ThevastmajorityofMHCIcell surfaceproteinscanbeabrogated
by genetically deleting b2 m, a subunit needed for MHCIs, and/or
the peptide loading-associated molecule TAP1 (Ljunggren et al.,
1995; Zinkernagel and Doherty, 1979). In the brains of b2 m/,
or b2 m/TAP1/ mice, there are changes in hippocampal
synaptic plasticity, homeostatic scaling (Goddard et al., 2007;
Huh et al., 2000), motor learning (McConnell et al., 2009), phero-
mone-driven behavior (Loconto et al., 2003), and motoneuron
axon regeneration (Oliveira et al., 2004). In addition, following ME
here, the width of Arc induction in visual cortex of b2 m/ and
b2 m/TAP1/ mice is similar to that in KbDb/ mice (Figures
1C, 1D, and data not shown: b2 m/TAP/ + ME: 2258.8 ±
120.2 mm, n = 38 mice, p = 0.0032; KbDb/ + ME: 2404.6 ±105.1 mm, n = 25 mice, p = 0.0017) The plasticity index is also
44% greater than for WT (b2 m/TAP/ = 2.08 ± 0.140; b2 m+/+
TAP1+/+ = 1.64 ± 0.080; p = 0.0078), similar to that for KbDb/
mice (2.16 ± 0.11). These observations suggest that loss of just
H2-Kb and H2-Db can account for enhanced OD plasticity seen
in visual cortex of mice lacking surface expression of the majority
of MHCI proteins.
Expanded Thalamocortical Projections to Layer 4
of KbDb/ Mice following ME
The expansion of Arc signal in layer 4 following ME or MD could
arise from at least two non-mutually exclusive possibilities: (1)
thalamocortical axons could have a wider distribution and there-
fore contact more neurons in layer 4 and/or (2) the expansion in
Arc signal could result from changes in intracortical connections.
To explore these possibilities, transneuronal tracing, using
3H-proline (Antonini et al., 1999; LeVay et al., 1978; Syken
et al., 2006) was performed after ME in WT (n = 5) or KbDb/
(n = 7) mice. Similar to Arc induction, transneuronal tracing
labels a wider patch in KbDb/ than in WT mice (Figures 2B
and 2C). Even so, the width measured from transneuronal
transport is about 70% smaller than that from Arc induction
(cf. Figures 1C and 2C), suggesting that expansion of thalamo-
cortical axons alone cannot account entirely for the increased
OD plasticity observed in KbDb/mice; changes in intracortical
connections likely also contribute.
Abnormal Retinogeniculate Patterning in KbDb/ Mice
Blockade of neural activity prevents developmental refinement
of retinogeniculate projections (Huberman et al., 2008) and
downregulates MHCI mRNA and protein (Corriveau et al.,
1998; Goddard et al., 2007). KbDb/ mutant mice resemble
the situation inwhich twoMHCImolecules have been completely
downregulated by activity blockade. To examine if H2-Kb and
H2-Db could be involved in refinement of the retinogeniculate
projection, we first assessed expression in the dLGN by immu-
nostaining (Figure S1C). Protein can be detected in LGN neurons
at P9, during the period of activity-dependent refinement of the
retinogeniculate projection. Expression has decreased by P34,Neuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc. 465
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MHCIs in Visual System Development and PlasticityFigure 3. Incomplete Segregation of RGC Inputs to
dLGN in KbDb/ Mutant Mice
(A) RGC projections labeled by intraocular injections of CTB
AF594 (red) into the contralateral (contra) eye and CTB
AF488 (green) into the ipsilateral (ipsi) eye. Top: merged fluo-
rescent micrographs of dLGN from KbDb+/+ and KbDb/
mice at P34. Middle (green pixels): ipsilateral eye projection
pattern (intensity threshold = 60% of maximum). Bottom
(yellow pixels): overlapping pixels from ipsilateral and contra-
lateral eye projections each at an intensity threshold 60% of
maximum (Figure S3 and Experimental Procedures). Note
ectopic patches of ipsilateral eye projections not eliminated
during development in KbDb/ mice. Scale = 150 mm.
(BandC)Mean%ofdLGNarea±SEMof ipsilateral eyeprojec-
tion and mean overlapping pixels in both channels. More
ipsilateral territory as well as overlapping pixels are present in
mutant dLGN: KbDb+/+ = 5 mice, KbDb/ = 5 mice, (*) p <
0.05 (two-tailed t test).after refinement is complete, consistent with transient expres-
sion of MHCI mRNA in the LGN (Huh et al., 2000).
To assess the distribution of retinal ganglion cell (RGC) termi-
nals, wemade intraocular injections of different fluorophores into
the each eye (Experimental Procedures; Torborg and Feller,
2004). The LGN territory occupied by RGC projections was
assessed at P34, 3 weeks after projections normally have
completely segregated (Figures 3A and S3). The percent LGN
area occupied by projections from the ipsilateral eye in KbDb/
mice (24.99% ± 2.97%) is almost twice that of WT (12.75% ±
2.42%; Figure 3B), while total LGN area is similar between
genotypes.
Abnormal Segregation of Eye-Specific Inputs
in dLGN of KbDb/
An increase in area of the ipsilateral eye projection to the LGN
could come at the cost of contralateral eye territory, or if RGC
inputs failed to segregate (Torborg and Feller, 2004). Using fluo-
rescent double labeling to examine projections from both eyes
simultaneously at P34, significantly increased overlap of RGC
projections from the two eyes was observed in KbDb/ versus
WT mice (Figure 3; for both hemispheres see Figure S3B). These
changes in the retinogeniculate projection of KbDb/ mice also
almost exactly phenocopy b2 m/TAP1/ mice (Figure S3B;
Huh et al., 2000). Usingmultiple threshold analysis (Experimental
Procedures; Torborg and Feller, 2004), we find that overlap of
RGC inputs, measured by pixels common to both red and green
channels, is significantly greater in all MHCI mutant mouse lines
over WT controls (Figures S3C and S3D). For example, at 60%
maximal threshold, the percent of dLGN area with overlapping
pixels is 19.10% ± 2.80% in KbDb/; 15.50% ± 3.01% in b2
m/TAP1/; but only 4.23% ± 1.77% in WT (Figure S3D). On
average across examined intensity thresholds there is approxi-
mately a 3- to 5-fold increase in overlap in mutant mice over
WT (Figure S3D). These findings suggest that normal retinogeni-
culate refinement may require just H2-Kb and H2-Db.
Given the enhanced OD plasticity noted in visual cortex of
mutant mice, we wondered if RGC projections in mutant mice466 Neuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc.remain stable even after retinogeniculate segregation is normally
completed. If not, ME might cause further expansion of the RGC
projection within the LGN. Intraocular injections of CTB-AF488
were performed to label retinal afferents subsequent to ME
between P22 and 31 in WT (n = 6) and KbDb/ (n = 6) mice
and the percent LGN area occupied by the ipsilateral RGC
projection was measured. There was no change observed in
either genotype; the developmentally expanded ipsilateral eye
inputs remained stable. This observation correlates with our
finding that the expression of both H2-Kb and H2-Db is develop-
mentally downregulated by P34 and demonstrates that the
enhanced OD plasticity seen in visual cortex of mutant mice
during the critical period is not due to a reorganization of RGC
projections following ME.
MHCI Immunostaining Is Associated with LGN
Synapses and C1q
Adirect role for H2-Kb and/or H2-Db in refinement of RGCprojec-
tions would be supported by synaptic localization of these
proteins. To determine if MHCI localizes near synapses in vivo,
array tomography (AT) (Micheva and Smith, 2007) was used to
examine immunostained LGN sections at P7, at time when eye-
specific layer formation is in progress and LGN expression levels
of C1q (Stevens et al., 2007) and MHCI (Figure S1; Huh et al.,
2000) are high. This method permits immunostaining of the
same ultrathin 70nm section repeatedly for known synaptic
markers, as well as for MHCI and other molecules of interest
(Figure 4A). Serial sections are then tomographically reas-
sembled, rendering a 3-dimensional image containing patterns
of protein localization. In AT images, MHCI is localized in a punc-
tate pattern, often closely associated both with PSD-95 and/or
synapsin puncta (Figure 4A), consistent with previous observa-
tions of hippocampal neurons in vitro (Goddard et al., 2007).
Higher resolution examination of four serial sections
(Figure 4B) shows MHCI puncta associated with excitatory
and inhibitory synapses, as well as with C1q, a complement
protein recently also found to be required for RGC refinement
and synapse elimination (Stevens et al., 2007). To assess these
Neuron
MHCIs in Visual System Development and PlasticityFigure 4. MHCI Localization in Relation to Synaptic Proteins during Period of Retinogeniculate Refinement
(A) AT micrographs reconstructed from 25 serial ultrathin sections (each 70 nm thick) of P7 LGN showing MHCI immunostaining (green) in relation to known
synaptic markers (Syn = synapsin [orange], PSD = postsynaptic density-95 [white], GAD= glutamic acid decarboxylase 65/67 [cyan]), as well as to C1q = comple-
ment protein C1q (magenta). DAPI stain of nuclei, blue. Scale = 5 mm. (B) Four serial sections of two different synapsin positive puncta: left example is charac-
teristic of an excitatory synapse (close apposition of presynaptic marker synapsin with postsynaptic excitatory synapse marker PSD-95); right example is char-
acteristic of an inhibitory synapse (overlap of synapsin with GAD and absence of PSD-95). MHCI and C1q are closely associated with both types of synapses.
(C) Single ultrathin section, showing colocalization between MHCI puncta and PSD, Synapsin, GAD, and C1q. Bottom right, zoomed in view of puncta numbered
on left, showing immunofluorescence signal in separate channels, Scale = 2 mm. Note colocalization of signal for MHCI, PSD, and C1q at puncta #1 and 2.
(D) Cross-correlations showing pairwise comparisons of degree of spatial overlap between puncta immunostained for the various markers (Experimental Proce-
dures and Figure S4). Synapsin versus PSD95 shows strongest correlation, and GAD versus vGluT2 the weakest. MHCI is more correlated with C1q than with
other markers. Si/St = Cr, the correlation ratio between two channels as a multiple of their baseline correlation. Cr = 1 indicates no correlation, Cr >> 1 indicates
high correlation, Cr < 1 indicates negative correlation.relationships quantitatively, a cross-correlation pixel analysis
was performed (Figures 4C, 4D, and S4; Experimental Proce-
dures). As expected, pre- (synapsin I) and post (postsynaptic
density-95)-synaptic markers are highly correlated with each
other, while inhibitory (GAD) and excitatory (vGluT2) markers
are not correlated with each other since they are not associated
with similar synaptic types. Close association of MHCI mole-
cules and C1q at synapses is consistent with the observation
here that the specific MHCI molecules H2-Kb and H2-Db, like
C1q, are needed for retinogeniculate synapse refinement.DISCUSSION
In mice lacking expression H2-Kb and H2-Db, retinal projections
to the LGN fail to refine completely, and within visual cortex, OD
plasticity is enhanced. These changes phenocopy those present
in b2 m/TAP1/ mice, which lack stable cell-surface expres-
sion of most of the 50+ MHCIs (Ljunggren et al., 1995). Because
H2-Kb and H2-Db mRNA and protein are present in neurons
within LGN and visual cortex, we propose that these specific
classical MHCI family members are not only required forNeuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc. 467
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but can account for the majority of the abnormalities observed in
the visual system of b2 m/TAP1/ mice.
MHCI Function during Developmental Refinement
of the Retinogeniculate Projection
Many experiments have shown that when neural activity is
blocked or altered, segregation of RGC afferents from the
two eyes within the dLGN is incomplete (Penn et al., 1998;
Stellwagen and Shatz, 2002). Here, we show that H2-Db and
H2-Kb are expressed in the dLGN primarily during the period
of eye-specific segregation and that, in their absence, RGC
afferents fail to segregate fully. The array tomography data
provides strong support for the proposal that these MHCI
proteins are located near or at synapses, but the resolution of
themethod is still not sufficient to conclude that they are situated
at the pre- or the postsynaptic membrane. Here, we found
a higher correlation between MHCI and PSD-95 than between
MHCI and synapsin, consistent with previous observations of
immunostaining associated with neuronal dendrites in vivo
(Corriveau et al., 1998; McConnell et al., 2009), as well as with
synapses and PDS-95 in vitro (Goddard et al., 2007). Together,
these observations place MHCI at the postsynaptic membrane,
but this suggestion must await electron microscopy, fix-insensi-
tive MHCI antibodies and or biochemical fractionation for
confirmation.
The failure of RGC axons from the two eyes to segregate
completely from each other even in the presence of intact retinal
wave activity (Huh et al., 2000) implies H2-Kb and/or H2-Db may
function as molecular read-outs for activity-dependent synapse
weakening and elimination. Other immune system molecules
have also been implicated in retinogeniculate synapse elimina-
tion. Like MHCI, neuronal pentraxins (e.g., NP1 and NP2),
proteins homologous to immune system pentraxins, are upregu-
lated by neuronal activity (Bjartmar et al., 2006). In addition, the
complement proteins C1q and C3 are present in the dLGN
during retinogeniculate refinement (Stevens et al., 2007).NP1/
NP2/ as well as C1q/ and C3/ mutant mice have dLGN
phenotypes strikingly similar to those reported here. The locali-
zation of MHCI and C1q is highly correlated, implying that these
two molecules could interact and function together in develop-
mental remodeling at excitatory as well as inhibitory synapses.
Note that PirB cannot be detected in the LGN during the period
of retinogeniculate remodeling (Syken et al., 2006), but CD3z,
a signaling component for other immune receptors, is present.
CD3z mutant mice also have defects in retinogeniculate refine-
ment (Huh et al., 2000), implying that H2-Db and H2-Kb in the
LGN may collaborate with a CD3z-containing receptor.
The phenotypes observed in complement-deficient and in
MHCI mutant mice are stable and persist into adulthood. In
contrast, the defect in NP1/NP2/ is transient (Bjartmar
et al., 2006). Thus, it may be that a series of tightly developmen-
tally regulated events operate sequentially to establish connec-
tivity, then to stabilize and cluster glutamate receptors (a process
involving neuronal pentraxins; Bjartmar et al., 2006) and finally to
remodel and eliminate synaptic inputs in an MHCI-C1q activity-
dependent manner. The precise mechanisms of how synapses
are tagged for elimination based on their activity is far from468 Neuron 64, 463–470, November 25, 2009 ª2009 Elsevier Inc.understood, but MHCI appears well suited to act in this process,
given that action potential blockade downregulates both mRNA
and protein (Corriveau et al., 1998; Goddard et al., 2007).
H2-Kb and H2-Db May Function with PirB to Limit OD
Plasticity in Visual Cortex
The presence of enhanced OD plasticity in the visual cortex of
mutant mice studied here is notable. First, it argues for a role for
H2-Kb and H2-Db in limiting the extent of strengthening of the
open (remaining) eye following an imbalance in activity created
by eye removal or closure. Just how the open eye is able to gain
so much functional territory in the visual cortex of KbDb/ mice
following visual deprivation remains tobe fully explored. Following
ME in the mutant mice, we have shown that there is a large
mismatch in extent of expansion of the ipsilateral thalamocortical
projection as assessed using transneuronal tracing compared
with that assessed using induction of Arc mRNA. The expansion,
as measured from anatomical tracing, is far less than that
measured functionally from the response of cortical neurons to
visual stimulation, suggesting that the enhanced OD plasticity in
KbDb/ mice may reflect not only the presence of a larger pool of
ipsilateral geniculocortical axons, but also changes within the
cortex. Future experiments will be required to elucidate how loss
of these two MHCI family members alters the details of connec-
tivity, as well as rules of synaptic plasticity, at the cellular level.
H2-Kb andH2-Db join a very limited number of other molecules
whose loss of function also results in enhanced, rather than
diminished, OD plasticity. This small group includes Nogo
signaling (NgR/, NogoA/B/ mice; McGee et al., 2005) and
PirB (Syken et al., 2006), as well as infusion of tPA (Mataga
et al., 2002) which alters the extracellular matrix in cortex. PirB
is expressed on certain cells of the innate immune system and
is a known receptor for H2-Kb and H2-Db (Nakamura et al.,
2004). PirB is expressed in subsets of neurons including many
pyramidal neurons of the cerebral cortex (but notably is not de-
tected in LGN neurons), and PirB has recently been shown to
bind Nogo (Atwal et al., 2008). Mice lacking PirB have enhanced
OD plasticity (Syken et al., 2006) almost identical to that seen
here in KbDb/ mice. Together, these observations suggest
that PirB functions as a neuronal receptor for H2-Kb and H2-
Db, possibly even in collaboration with NgR/Nogo. In cultured
cortical neurons, PirB immunostaining is associated with axonal
growth cones and is located near synapses (Syken et al., 2006),
while MHCI immunostaining is present in neuronal dendrites and
colocalizes with PSD-95 (Goddard et al., 2007), implying amodel
in which postsynaptic MHCI interacts across the synapse with
presynaptic PirB (Shatz, 2009). Thus, MHCI-PirB signaling may
operate either in parallel or in conjunction with these other mole-
cules to regulate negatively the strength and stability of synaptic
connections in an activity-dependent manner.
EXPERIMENTAL PROCEDURES
Animals and Genotyping of Mouse Lines
The Institutional Animal Care and Use Committees at Harvard Medical School
and Stanford University approved all protocols. Animals were raised in a
pathogen-free facility, all mutant mice were outwardly normal. b2 m/
TAP1/ mice were obtained from D. Raulet (Dorfman et al., 1997). Wild-
type (b2 m+/+TAP1+/+) and singly mutant mice were derived by backcrossing
Neuron
MHCIs in Visual System Development and Plasticityb2 m/TAP1/ to the same background strain of C57BL/6 wild-type mice
purchased from Charles River (Wilmington, MA) for more than five generations
to obtain mice carrying the wild-type alleles for both b2 m and TAP1 genes. To
avoid genetic drift, homozygous parents in each of these four colonies are
obtained from a common breeding colony containing mixed heterozygote
genotypes. Genotyping of b2 m and TAP1 alleles was performed by PCR as
described previously (Huh et al., 2000). KbDb/ mice on a C57BL/6 genetic
background were obtained fromH. Ploegh (Schott et al., 2003) andmaintained
as a homozygous breeding colony. Age-matched C57BL/6 controls were
purchased from Charles River (Wilmington, MA).
Mouse Surgery and OD Plasticity Experiments
For monocular enucleation (ME) experiments to assess OD plasticity mice
were anesthetized at P22 with isofluorane, one eye was removed (if needed
sterile gelfoam was inserted in the orbit to minimize bleeding). Eyelids were
trimmed and sutured with 6-0 sterile surgical silk. A drop of Vetbond (3M, St.
Paul, MN) was put on sutured eyelids to prevent reopening. For monocular
deprivation (MD) experiments, mice were anesthetized at P25 and the proce-
dure was identical as described above except the eye was not removed until
the day prior to Arc induction.
Arc Induction
Methods for Arc induction, analysis, and transneuronal transport can be found
in Tagawa et al. (2005), Syken et al. (2008), and the Supplemental Experimental
Procedures.
Anterograde Labeling of Retinal Ganglion Axons and Multiple
Threshold Analysis
P31–34 mice were anesthetized with isofluorane (in the case of LGN plasticity
experiments ME was performed from P22–31) then 1–2 ml of cholera toxin B
(CTB) subunit conjugated to AF488 was injected in the right eye and AF594 in
the left (1mg/ml dissolved in 0.2% DMSO in nuclease-free water; Invitrogen,
Inc. Carlsbad, CA). After 24 hr, animals were overdosed with euthasol
(50 mg/kg), brains fixed by transcardial perfusion of 0.1 M PBS then ice-
cold 4% PFA in 0.1 M PBS. Brains were removed, postfixed overnight in
4% PFA in 0.1 M PBS at 4C, then sectioned coronally using a vibratome
at 100 mm. Sections were mounted with prolong antifade gold media (Invitro-
gen, Inc. Carlsbad, CA) on glass sides and coverslipped for imaging on
a Zeiss LSM 510 META confocal microscope (Carl Zeiss MicroImaging,
Inc. Thornwood, NY).
All analysis was performed blind to genotype. To minimize variability anal-
ysis was performed on dLGN sections where the ipsilateral projection area
was the largest, typically at the middle of the rostral-caudal extent of the
dLGN (Figure S3B). All images were acquired such that the peak intensity
values were just below saturating and multiple threshold analysis was carried
out for the series of signal thresholds, described previously (Torborg and
Feller, 2004). In brief, dLGN sections were imaged in the red and then green
channel, and by varying each ipsi and contra channel at each intensity
threshold of 20%, 40%, 60%, 80%, and 100% of maximum. To obtain overlap
measurements, the amount of overlapping red and green pixels in LGNs in
both hemispheres was measured in Image J (NIH, Bethesda, MD) using the
Colocalization plugin tool and displayed as yellow pixels (Figure 3A, lower
panel, overlap). The total area of overlapping pixels was represented as
a percentage of total dLGN area (Figure 3C).
Array Tomography
Two postnatal day (P)7 mice, were perfused intracardially with 0.1M PBS, fol-
lowed by 4%paraformaldehyde in 0.1MPBS and the tissue was processed for
array tomography (Micheva and Smith, 2007). The LGN was dissected out,
further fixed in the same fixative using microwave irradiation (PELCO 3451
laboratory microwave system; Ted Pella), then dehydrated in ethanol and
embedded in LRWhite resin (medium grade, SPI). Serial ultrathin sections
(70 nm) were cut on an ultramicrotome (Leica), mounted on subbed coverslips
and immunostained using either of twoMHCI antibodies that yielded similar AT
staining patterns (Ox18, 1:50 AbDSerotec Cat#MCA51G or ErHr52, 1:10 BMA
Cat#T2105). For secondary antibodies, Alexa 488, Alexa 594, and Alexa 647
(Invitrogen, 1:150) from the appropriate species were used. Up to three anti-
bodies from different hosts were applied together and imaged, followed byan antibody elution. Sections were then restained with a different set of anti-
bodies and reimaged. Other antibodies included those against synaptic
proteins: synapsin I (rabbit, Millipore AB1543P, 1:100), PSD-95 (mouse, Neu-
roMabs 75-028, 1:100), GAD65/67 (rabbit, Millipore AB1511, 1:300), vGluT2
(guinea pig, Millipore AB2251, 1:1000), as well as a C1q antibody (goat, Quidel
A301, 1:300; ref. 31). Sections were mounted using SlowFade Gold antifade
reagent with DAPI (Invitrogen). Imaging was done on a Zeiss AxioImager.Z1
fluorescence microscope with AxioCam HRm CCD camera, using a Zeiss
633/1.4 NA Plan Apochromat objective. Images were aligned using ImageJ
and the Multistack Reg plugin.
Array Tomography Cross-Correlation Analysis of Synaptic Markers,
MHCI, and C1q
To examine the spatial relationship between known synaptic markers and
MHCI and C1q, we used a cross-correlation analysis method similar to that
described previously (van Steensel et al., 1996). For each pair of channels
analyzed, a cross-correlation score Si was computed over a range of lateral
offset distances for images in the two channels. Differences in themean bright-
ness in different channels were corrected by repeating the analysis with one
channel transposed (and therefore uncorrelated) to obtain a baseline score
St. To ensure that only labeled molecules in the synaptic neuropil were
included, theDAPI channel was used as amask to remove nuclear and somatic
staining from the analysis. Si/St = Cr, describing the correlation (Cr) between
two channels as a multiple of their baseline correlation. A Cr of 1 indicates no
correlation, Cr >> 1 indicates high correlation, and Cr < 1 indicates negative
correlation. This method of analysis enables one to directly compare the corre-
lation of different immunolabels in a channel-independent manner (Figure 4D).
Statistical Analyses
Statistical comparisons were performed using Excel (Microsoft Corp., Red-
mond, WA). Tests on independent groups were Mann-Whitney U test for
comparisons of cumulative distributions (widths of Arc mRNA signal or radio-
actively labeled thalamocortical terminals in layer 4) with population samples
of unequal size, two-tailed Student’s t test for group comparisons of LGN
areas, two-way ANOVA for LGN pixel overlap across multiple thresholds
and one-way ANOVA for Plasticity Index comparisons.
SUPPLEMENTAL DATA
Supplemental Data include four figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.cell.com/
neuron/S0896-6273(09)00844-7.
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